Abstract Due to fragmentized terrain and physiognomy of typical loess landform, long-term anthropogenic influences, and inherent vulnerability, soil erosion is a serious problem in the Loess Plateau of China. There is a critical need to assess soil erosion and spatial distribution for achieving sustainable land use and comprehensive soil conservation management. Taking the Yangou watershed as a case and using the Landsat Thematic Mapper image (land use map), Digital Elevation Model (DEM), soil maps, and precipitation data, this study integrated the revised universal soil loss equation (RUSLE) with GIS technology to estimate soil loss and its spatial distribution. The benefits of soil conservation of land use types were analyzed and the measures for future soil conservation planning were discussed. The results show that silt-covered land and terrace have high benefits of soil conservation, indicating that building check dam, producing silt-covered land for farming, and converting sloped farmland to terrace are effective ways to control soil erosion in the Yangou watershed. Furthermore, increasing vegetation coverage on lower coverage grassland, especially on the slopes with gradients [25°, and eliminating human disturbance in barren areas are feasible and effective measures for soil conservation planning. This study reveals that the integrated RUSLE-GIS model can evaluate and map soil erosion quantitatively and spatially at watershed scale in the Loess Plateau of China. The findings suggest strategies for coping with future soil conservation planning and provide valuable references for future assessments both in the Loess Plateau of China and elsewhere.
Introduction
Soil erosion increased throughout the 20th century (Angima et al. 2003) , and is becoming an extremely serious environmental problem (Stanley and Pierre 2000) . About 85 % of land degradation in the world is associated with soil erosion, causing up to 17 % reduction in crop productivity (Oldeman et al. 1990 ). Much effort has been made to understand the mechanism of soil erosion and predict soil loss (Zhang et al. 2008) , and several empirical or process-based models have been constructed around the world (Russell and William 2001; Merritt et al. 2003; Febles et al. 2012) . Depending on how they represent spatial variability of erosion processes, models can be categorized into lumped and distributed ones (Aksoy and Kavvas 2005) . Both of the models can provide useful information for decision-makers and planners to take appropriate landmanagement measures (Fu et al. 2005 ).
The Chinese Loess Plateau is one of the regions with the most severe soil erosion in the world; soil erosion there has created many environmental problems along the lower reaches of the Yellow River (Feng et al. 2010 ). The problems of soil erosion and environmental degradation resulting from long-term anthropogenic influences and the inherent vulnerability of the Chinese Loess Plateau have always been of deep concern to relevant government departments and academic institutions (Xu et al. 2009 ). In recent years, much work has been done on soil erosion assessment at plot or catchment scale (Kang et al. 2001; Fu et al. 2004) , and some at regional scale (Yang et al. 2002; Fu et al. 2005) . However, the quantitative assessment of spatially distributed soil erosion has not been adequately addressed, and more work should be done on this topic.
The Revised Universal Soil Loss Equation (RUSLE) (Renard et al. 1997 ) is an empirical soil erosion model designed on the Universal Soil Loss Equation (Wischmeier and Smith 1978) . Erosion rates of ungauged catchments can be predicted using knowledge of the catchment characteristics and local hydroclimatic conditions (Angima et al. 2003) . Because of its convenience in application and compatibility with Geographical Information Systems (GIS), the RUSLE has been the most frequently used empirical soil erosion model worldwide. With advances in GIS, the USLE/RUSLE model can be applied to complex terrain by subdividing a catchment into spatial homogeneous polygons, to evaluate the average annual soil loss for different land-use conditions, to predict the spatial heterogeneity of soil erosion, and to provide a basis for soil conservation planning Shi et al. 2004; Wang et al. 2007; Xu et al. 2009 ). Using RUSLE and GIS application model, Terranova et al. (2009) studied soil erosion risk scenarios of Calabria in southern Italy. In Chinese Loess Plateau, Pan and Wen (2014) estimated soil erosion of Caijiamiao watershed in Gansu province. Nevertheless, the current knowledge on soil erosion at watershed scale is far from perfect in the Loess Plateau. In order to characterize the spatial distribution of soil erosion and provide useful information for soil conservation planning, efficient modelling approach for precise assessment of soil erosion by water at watershed scale is needed.
Taking the Yangou watershed in the Chinese Loess Plateau as a case study, this paper applies the RUSLE and GIS to the quantitative assessment of spatial interactions between runoff, soil, topography, land use, and soil erosion. The objectives of this paper are: (1) to predict annual soil loss for each pixel and demonstrate the spatial distribution of soil erosion using the RUSLE and GIS; (2) to estimate the soil erosion potential and calculate the capability of soil conservation for different land use types; (3) to discuss measures for soil conservation planning within the watershed. This study seeks to provide useful information for decision-makers and planners to take appropriate land-management measures within the watershed.
Materials and methods

Study area
The Yangou watershed is located between 109°20 0 00 00 E-109°35 0 00 00 E and 36°28 0 00 00 N-36°32 0 00 00 N, in the middle of the Chinese Loess Plateau (Fig. 1) . The mouth of the watershed is 3 km away from Yan'an city in Shaanxi province and the main rill is 8.6 km long with a watershed area of 47.9 km 2 . This river is a secondary branch of the Yan River and flows from southeast to northwest. The watershed slopes from southeast to northwest at elevations between 986 and 1,425 m. The gradient ratio of main channel is 2.41 % and drainage density is 4.8 km km -2 , which is typical loess hill-gully area. The terrain gradient of the watershed is mostly composed of steep hill slopes (Xu et al. 2002) . The present land area lying within watershed gradients are as follows: 52 % [25°, 16 % in 20-25°, 13 % in 15-20°, 8 % in 10-15°, 6 % in 5-10°, 6 % \5°. The climate is near the transition from semihumid to semi-arid, where the average annual temperature is 9.8°C and the average annual precipitation is 558 mm. Precipitation from June to September occupies more than 70 % of the total. The natural vegetation consists mainly of secondary natural forests, which have been seriously degraded due to excessive deforestation. Artificial vegetation is mainly composed of locusts, poplars, and other shrubs. Loessal soil occupies more than 90 %, having 0.96-1.88 g kg -1 organic matter, 0.46 g kg -1 total nitrogen and 4.2 mg kg -1 rapidly available phosphorus. According to the field surveyed data (Ju et al. 2000) , the mean annual discharge of the Yangou river in 1998 was 0.0025 m 3 s -1 . The total annual runoff was 378,300 m 3 , and flood runoff accounted for 79 % of this. The total loss of silt eroded in the gully mouth was 133,950 t, and soil erosion rate was 2,856 t km -2 year -1 of the watershed. The flow of perennial drainage, total loss of silt and soil erosion rate in 2007 were 51 340 m 3 , 1,556.59 t and 33.12 t km -2 year -1 , respectively. Since 1996, with the implementation of the World Bank Financed Project and NKTRDP (National Key Technologies R&D Programme), land use in the Yangou watershed has undergone considerable change (Xu and Sidle 2001) . In 1997, there were 1,831.1 ha of farmland in the watershed, making up 39 % of the total area. Sloped farmlands were 1,617.6 ha, accounting for 88 % of the farmland, and 66.3 ha of terraces accounted for 1 %. In 2003, farmland decreased to 593.4 ha, down to 13 % of the total area, terraces increased to 584.7 ha, up to 10 %, and the sloped farmlands were totally converted (Xu et al. 2009 ). There are 14 administrative villages and Goukou district in Yangou watershed. In 2006, the total population of 14 villages was 3133, with a density of 67.8 person km -2 . The rural economy mainly relies on the agriculture, supported by farming, forestry, and livestock raising. The per capita net income of rural residents in 2006 was 325 USD (2168 RMB), derived mainly from apples and crops (corn, potato, sorghum, soybean, mung bean, black soy bean, and a small amount of artificial alfalfa) (Tang et al. 2013) . This paper uses the RUSLE empirical model to predict annual loss. The RUSLE can be expressed as the following equation (Renard et al. 1997) :
where A is the average soil loss due to water erosion (t ha -1 year -1 ), R is the rainfall erosivity factor (MJ mm ha
), K is the soil erodibility factor (t ha h MJ -1 ha -1 mm -1 ), L is the slope length factor, S is the slope steepness factor, C is the cover and management practice factor, and P is the conservation support practice factor. The L, S, C, and P factors are dimensionless. Every factor was calculated by means of a GIS platform (ESRI ArcGIS 9.3). The following sections describe the computation rationales of the six factors from precipitation data, soil surveys, a digital elevation model (DEM) and land use maps. The spatial resolution of the data was set at 30 m.
Rainfall-runoff erosivity factor (R)
The R-factor quantifies the impact of rainfall and also reflects the amount and rate of runoff associated with precipitation events (Xu et al. 2009 ). In order to get the Rfactor map from the raingauge, the calculation equation of the R-factor should be derived, which is based on individual rainfall data and can be called a kind of upscaling method. In this study, rainfall characteristics of the entire watershed were adequately represented by data collected from a single weather station (Yan'an weather station, 3 km away from the Yangou watershed). For each erosive storm that occurred between 1997 and 2006, over the selected raingauge, EI 30 values were computed according to RUSLE handbook instructions, and monthly EI 30 values were computed as the sum of EI 30 for each erosive storm that occurred during the month. Rain 9 (the monthly rainfall for days with C9.0 mm) was also derived from the raingauge data. Different models were tested and the regression equation of R-factor and rain 9 was obtained (Eq. 2; R 2 = 0.626) .
Using Eq. 2, the R-factor value for raingauge of the Yangou watershed for each year was computed.
One value, 6251 MJ mm ha -1 h -1 year -1 , obtained by averaging the yearly values from 1997 to 2006, was used for the entire watershed. Soil erodibility factor (K)
The soil erodibility factor K value is the rate of soil loss per rainfall erosion index unit as measured on a standard plot and often determined by inherent soil properties (Parysow et al. 2003) . The K-factor is related to soil texture, organic matter content permeability, and other factors, which is basically derived from the soil type (Wischmeier 1971) . The K-factor value was calculated using (Renard et al. 1997; Liu et al. 2001 
where Dg = exp(0.01 P f i lnm i ), and Dg reflects the geometric mean diameter of soil particle. Here, f i is the particle size fraction in percent of class i, and m i is the arithmetic mean of the particle size limits of that size.
Because sandy loess soil occupies more than 90 % of the Yangou watershed and there is no specific soil map for the watershed (Xu et al. 2009 ), the soil type was set as sandy loess for the entire watershed. Using Eq. 3, one value,
, was used for this study.
Topographic factor (LS)
Within the RUSLE, the topographic factor reflects the effect of topography on erosion. The slope length factor (L) represents the effect of slope length on erosion, and the slope steepness factor (S) reflects the influence of slope gradient on erosion (Lu et al. 2004 ). The raster grid cumulation and maximum downhill slope methods developed by Hickey and Van Remortel (Hickey 2000; Van Remortel et al. 2001 ) were adopted in this study to estimate slope length and steepness. The Arc Macro Language (AML) program can be downloaded from his website. A 30 m DEM dataset of the Yangou watershed was inputted in GIS to generate a LS-factor grid map. The DEM for the watershed was integer formatted and derived from a 1:50,000 scale contour map, and the vector elevation map was converted to 30 m raster. The LS-factor values in the Yangou watershed vary from 0.041 to 17.246. The mean value is 8.016 and the standard deviation is 3.629. The majority of the study area has LSfactor values less than 10. The lowest values for the LSfactor occurred along rivers, which is largely because of the low slopes. The higher values for LS-factor were scattered, especially in the areas with steep slopes (Fig. 2 ).
Cover and management practices factor (C)
The cover and management practices factor (C) reflects the effect of cropping and management practices on soil erosion rates in agricultural lands and the effects of vegetation canopy and ground covers on reducing soil erosion in forested regions (Renard et al. 1997) . The relative impacts of management options can be easily compared by making changes in the C-factor which varies from near zero for well-protected land cover to 1 for barren areas (Lee and Lee 2006) . The reasonable methods to compute C-factor for large scale are extrapolating fromthe plot scale if there are basic data for plots, or evaluating qualitatively if there are no basic data (Fu et al. 2005) . A land use map of the study area derived from the Landsat Thematic Mapper image taken in 2003 was used as the basis for determining the C-factor values. Because there was only one crop per year, the effect of crop rotation on the Cfactor was not taken into account for the Yangou watershed. Experimental results for the annual C-factor for siltcovered land, terraces, orchard, forestland, sparse forestland, higher coverage grassland, lower coverage grassland, residential and built-up land and water body were obtained from published literature pertaining to the Chinese Loess Plateau (Cai et al. 2000; Zhang et al. 2002; Fu et al. 2005) .
The land use map (in vector format) of the Yangou watershed was converted to a 30 m raster in ArcGIS, and then the annual C-factor values were assigned to the raster according to the experimental results for different land use types. The C-factor values in the Yangou watershed vary (Fig. 3) . The hillside has a higher C-factor value owing to the large area of barren land and sloped farmland.
Support practices factor (P)
The support practices factor (P) is the soil-loss ratio with a specific support practice to the corresponding soil loss with upslope and downslope tillage (Renard et al. 1997 ). The lower the P value, the more effective the conservation practice is deemed to be at reducing soil erosion (Xu et al. 2009 ). According to field surveys and relevant information, the major soil conservation techniques used in the Yangou watershed are terracing, contour tillage, and building check dam. However, there are still a few sloped farmlands of upand-down slope tillage without conservation support practices. Experimental results for the P-factor were adopted for terraces, silt-covered land, orchard, and artificial forest on the Chinese Loess Plateau from the literatures (Cai et al. 2000; Fu et al. 2005) . Because no conservation practices are implemented, forestland, sparse forestland, grassland and barren land were assigned a value of 1. Based on the field surveys and land use map for the Yangou watershed, the value of P-factor was determined for each pixel.
The P-factor values in the Yangou watershed vary from 0 to 1, and the mean value is 0.73 (Fig. 4) . Because of the large area of forestland and grassland, most area of the Yangou watershed has a P-factor value of more than 0.5.
The integration of RUSLE on GIS platform
After the computation rationales of the six factors were described, the RUSLE equation can be integrated on GIS platform. In this study, all factors of the RUSLE equation were represented by raster models with a 30 9 30 m cell size in GIS environment. Raster models are cell-based representations of map features, which offer analytical capabilities for continuous data and allow rapid processing of map layer overlay operations (Fernandez et al. 2003) . Using raster calculator in GIS spatial analyst tools, the raster layers of different factors can be overlaid to obtain the result raster of average annual soil loss, potential soil loss, and etc.
Results and discussion
Average annual soil loss Using Eq. 1, the average annual soil loss in the Yangou watershed was computed by overlaying the five factor grids into a result grid in ArcGIS, with a uniform spatial resolution of 30 m. According to the RUSLE, the average annual soil loss was estimated on a pixel-by-pixel basis, and then the spatial distribution of soil loss in the Yangou watershed was derived. As shown in Fig. 5 , average annual soil loss in most of the study area is between 50 and 200 t ha -1 year -1 , and the mean value of annual soil loss is 134.6 t ha -1 year -1 . The total amount of annual soil loss for the Yangou watershed is 645,330 t year -1 . Due to large area of barren land and steep slope, some specific areas in the north and south parts have an annual soil loss of more than 200 t ha -1 year -1 . The main channel has the lowest annual soil loss in the Yangou watershed because it consists mainly of silt-covered land with a gradient of less than 5°. The spatial distribution of average annual soil loss presents similar spatial pattern with LS-, C-, and P-factor maps, which indicates that soil loss has a strong relationship with land use and topography.
Significant differences exist among cells, with the highest value of 845.6 t ha -1 year -1 and the lowest value of 0. According to the average value and the variation trend of all cells, five patterns are divided by below 50 t ha , 50-100 t ha -1 year -1 , 100-150 t ha -1 year -1 , 150-200 t ha -1 year -1 and above 200 t ha -1 year -1 , which are named as Type Lowest, Low, Medium, High, Highest ( Fig. 5; Table 1 ). From the perspective of area, more than half of the watershed belongs to the Lowest (22.8 %) and Low (27.8 %) erosion types, while only one quarter of the watershed falls within the High (7.5 %) and Highest (17.5 %) erosion types. The Lowest and Low erosion types are mainly concentrated along the main channel of the watershed, and the High and Highest erosion types are distributed in the areas of steep slopes, forestland, and barren land. With regard to the amount of soil loss, 58.2 % of the total soil loss occurs in the High (9.3 %) and Highest (48.9 %) erosion types, while only 19.5 % in the Lowest (3.8 %) and Low (15.7 %) erosion types. The statistical analysis reveals that management practices should be implemented to reduce soil erosion in the areas of the High and Highest erosion types.
Potential annual soil loss
Within the RUSLE, the rainfall-runoff erosivity, soil erodibility and topographic factor are three natural factors determining the erosion process. The potential annual soil loss can be regarded as the result of these three factors. If C-and P-factor values are set to 1, assuming no canopycovers and no support practices exist within the study area, the potential annual soil loss can be computed by using the simplified equation (Xu et al. 2009 ):
The spatial distribution map of potential soil loss is then obtained by using Eq. 4 (Fig. 6) . The result of potential soil loss is important for identifying the high-risk erosion areas and assessing the effects of various canopy-covers and support practices on soil erosion control.
The values of potential soil loss vary from 4.3 to 1,819.7 t ha -1 year -1 , with a mean value of 845.3 t ha -1 year -1 . The total amount of potential soil loss in the Yangou watershed is 4,062,669 t year -1 , which is 6.3 times of the average annual soil loss. Most areas of the Yangou watershed (60.7 %) have a value of less than 1,000 t ha . Due to large area of barren land and steep slope, some specific areas in the north and south parts of the watershed have a higher value of potential soil loss. Benefits of soil conservation of land use types
The benefits of soil conservation of different land use types were computed by contrasting their average annual soil losses and potential soil losses. The grid of average annual soil loss was subtracted from the grid of potential annual soil loss, and then the soil conservation benefit was determined by summing up the D-values of pixels for each land use type. The ratio of potential annual soil loss to average annual soil loss is considered as the index of soil conservation. As shown in Table 2 , the total benefit of soil conservation of land use types in the Yangou watershed is 3,417,339 t year -1 , and the average benefit is 713.0 t ha
. Due to a large total area, sparse forestland has the highest value (1,214,890 t year -1 ) of soil conservation in total amount, and forestland is in the second place (562,679 t year -1 ). From the perspective of average value of soil conservation, higher coverage grassland has the highest value (977.7 t ha -1 year -1 ) and forestland is the second (854.2 t ha -1 year -1 ). This is consistent with the research result that soil erosion was negative linearly correlated with vegetation coverage at watershed of Zhifanggou, another typical region of the Chinese Loess Plateau (Zhou et al. 2006) . The index of soil conservation is the strongest indicator reflecting the effectiveness of a specific land use type on preventing soil erosion. The mean value of index of soil conservation in the entire watershed is 6.3. Silt-covered land has the highest value (48.0) in all existing land use types, which proves that building check dam and producing silt-covered land for farming are the most effective ways to control soil erosion in the Yangou watershed. Terrace is the second, with a value of 21.7, which implies that converting sloped farmland to terrace is also an effective way to prevent soil erosion, especially in the areas with steep slope. Low coverage grassland has a low value (2.3) of index of soil conservation, and barren land has the lowest value (2.0).
Measures for soil conservation planning
According to the results of average annual soil loss (Table 1) , the erosion types of High and Highest can be considered as high-risk erosion area. At present, 25 % of the Yangou watershed (1,196.2 ha) belongs to high-risk erosion area. Soil conservation practices are urgently needed to reduce soil erosion in these high-risk areas. The impacts of management practices on soil erosion can be easily assessed by altering the C-factor and P-factor values within RUSLE. In this study, we assume that all pixels with gradients [15°are converted to pixels with the gradient of 15°, all sparse forestlands become mature forestlands, all lower coverage grasslands become higher coverage grasslands, and all barren lands undergo forestation. According to the attribute changes of corresponding pixels, the value of LS-, C-, and P-factors were reassessed and the average annual soil loss in the Yangou watershed was simulated using RUSLE and GIS. As seen in Fig. 7 , the simulated average annual soil loss in more than 50 % of the study area is less than 40 t ha -1 year -1 and the mean value is 43.5 t ha -1 year -1
. The total annual soil loss is reduced to 208,653.8 t year -1 (Table 3) , which is only 32.3 % of the annual soil loss (645,330.0 t year -1 ). Although the simulated total annual soil loss decreases dramatically, 14.7 % (703.4 ha) of the study area is still at risk of erosion, with a value of more than 60 t ha -1 year -1 . Compared to the 100-240 t ha -1 year -1 soil erosion rate in the Ziwuling secondary forest region (Zheng 2006) , the simulated value in the Yangou watershed is relatively low. The markedly increased soil erosion in the Ziwuling region was caused by the secondary forests destruction, while the simulated results in the Yangou watershed was based on the assumption that appropriate management practices have been implemented for sparse forestlands, lower coverage grasslands, and barren lands. It can be seen from Table 4 that 52.2 % of the total soil loss occurs on forestlands, which account for 50.6 % of the total area. Nevertheless, the silt-covered lands and terraces occupy only 7.6 % of the total soil loss with the 16.7 % area percentage. From the analysis of soil conservation benefits of land use types, the silt-covered land and terrace have high soil conservation benefits, and the sparse forestland, lower coverage grassland, and residential land have low benefits. However, the large area of sparse forestland and lower coverage grassland in the study area are situated on hillside, some of which are situated on the slopes with gradients [25°. Most sparse forestland and lower coverage grassland have no conservation oriented practices. Therefore, reconverting sparse forestland to its natural condition, increasing vegetation coverage on lower coverage grassland, especially on the slopes with gradients [25°, and eliminating human disturbance in barren areas are feasible and effective measures for soil conservation planning in the study area.
In the Danangou catchment, Hessel and Van Asch (2003) found that the development of gullies over time can be ignored, and only the amount of material produced by them during runoff events needs to be studied, as the stormbased Limburg Soil Erosion Model (LISEM) simulates storm erosion. In the Yangou catchment, the ecological restoration programme alleviated ecological degradation over the period 1998-2005. However, it was not successful enough in terms of preservation and utilization of environmental resources to enhance sustainability, by using emergy measures of carrying capacity (Dang and Liu 2012) . In this study, the simulated results indicate that even if all pixels with gradients [15°decrease to the gradient of 15°, all sparse forestlands become mature forestlands, all lower coverage grasslands become higher coverage grasslands, and all barren lands undergoes forestation, then the soil erosion problems in the study area still cannot be completely solved. Therefore, implementing conservation measures on sparse forestland and lower coverage grassland especially with gradients [25°such as vegetation restoration is urgently needed.
Conclusions
Due to the typical loess landform, long-term anthropogenic influences, and the inherent vulnerability, soil erosion is a serious problem in the Loess Plateau of China. Assessment of soil erosion and its spatial distribution at watershed scale is necessary for sustainable land use and comprehensive soil conservation management. The RUSLE model is a relatively simple soil erosion model to evaluate soil erosion with good data accessibility. By integrating RUSLE and GIS, the actual and potential soil loss and its spatial distribution can be evaluated, and then the benefits of soil conservation in land use types and the measures for soil conservation planning can be presented for the Yangou watershed.
The application of the integrated RUSLE and GIS model in the Yangou watershed shows that building check dam, producing silt-covered land for farming, and converting sloped farmland to terrace are effective ways to control soil erosion in the Yangou watershed. Besides, increasing vegetation coverage on lower coverage grassland, especially on the slopes with gradients [25°, and eliminating human disturbance in barren areas are feasible and effective measures for soil conservation planning in the study area. The research methods and results presented in this article provide valuable references for understanding the relationship between soil erosion risk and land use types and achieving sustainable land use to control soil erosion. This study also indicates that integrating the GIS technology and RUSLE model is a feasible way to estimate soil erosion and its spatial distribution at watershed scale, even though there are some limitations in determining the RU-SLE-factors due to the spatial heterogeneity in the watershed. In further studies, more attention should be paid to the regional loess landscape characteristics, the accuracy of RUSLE-factors, and the preprocessing of data. The methodology could be improved by obtaining more accurate data for RUSLE-factors when it is applied for future assessments both in the Loess Plateau of China and elsewhere.
